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Infrared spectroscopy is used to study trapped and physisorbed CO2 in single-walled carbon nanotube bundles
(SWNTs) synthesized by the HiPco process. CO2 is entrapped within the SWNTs by acid oxidation of the
unpurified sample followed by vacuum heating to 700 K. The trapped CO2 has a singleν3 mode at 2327
cm-1, is stable during temperature cycling from 77 to 700 K, and remains after venting to room air. CO2

physisorption studies show aν3 mode at 2330 cm-1 for the as-received HiPco samples, 2340 cm-1 for the
acid-oxidized sample, and 2327 and 2340 cm-1 for the oxidized sample after vacuum heating. The sites
responsible for the infrared peaks of the physisorbed and trapped species are discussed.

Introduction

Previously, we have reported on how oxygen-containing
functionalities on acid-oxidized single-walled carbon nanotube
bundles (SWNTs) synthesized by laser ablation can generate
CO2, which becomes permanently trapped within the nanotube
bundle.1 This trapped CO2 is stable in a vacuum from 5 to 700
K, remains after venting to ambient conditions, and persists for
time scales of at least 2 months in samples studied under
vacuum.1 The entrapment of this CO2 likely involves the
rearrangement of functionalities at defect sites as they decom-
pose, which locks the generated CO2 into sites inside the
nanotubes themselves as well as the spaces between nanotubes
in the bundle. Rearrangements of the bundle itself due to the
annealing effect of vacuum heating might also play a role.

Vacuum heating is a standard processing technique for
SWNTs, so recognizing and understanding the trapped CO2

occurring from this is an important step in using these materials
as sensors, gas storage materials, and separation membranes.
In fact, studying the confined CO2 in these materials could be
fruitful for our general understanding of molecular behavior in
low-dimensional systems. Techniques to separate bundles and
manipulate individual nanotubes are rapidly being mastered,2-4

so the controlled ability to trap different molecules in SWNTs
with their eventual release could possibly be exploited as a
nanometer-scale storage and delivery system.

In this work, we report infrared spectroscopic studies of
SWNTs prepared by the HiPco process before and after acid
oxidation. We find that acid-oxidized HiPco samples are capable
of generating permanently trapped CO2, much like oxidized
SWNTs prepared by laser ablation,1 and the behavior of trapped
and physiorbed CO2 in these materials displays many similari-
ties. This work shows that the entrapment of CO2 during the
vacuum heating of acid-oxidized SWNTs seems to be a general
process that is not limited to tubes of a particular size
distribution, synthetic procedure, type of residual metal catalyst,
or solvent used to cast the thin films for IR analysis. Further-
more, by studying gas adsorption in SWNTs prepared by

different synthetic procedures we are starting to recognize more
general properties of gas interactions with these materials that
will likely be of broader scientific interest.

In this paper, we employ descriptions commonly used in the
literature for the available adsorption sites on a nanotube
bundle.5-7 These sites are (i) the space inside nanotubes of the
bundle (endohedral sites), (ii) the space between individual
nanotubes (interstitial sites), and (iii) the “groove” formed where
the curved outer surfaces of individual tubes meet on the most
external periphery of the bundle (groove sites). Clearly, the
possibility exists for other “sites” like those associated with the
three-stripe phase or other types of multilayer adsorption.5 We
do not expect to encounter these types of sites since they are
associated with higher coverages.

Experimental Section

Samples made by the HiPco process were obtained as
unpurified solid material from Carbon Nanotechnologies In-
corporated and are reported to have average diameters of
approximately 1.1 nm with sample purities of SWNT carbon
that are greater than 90 atomic percent.8 From thermogravimetric
analysis (TGA), we find that this material has∼18 wt % (grams
Fe/grams of sample) of residual Fe catalyst, which is in
agreement with earlier reports.8 The unpurified HiPco nanotubes
were later dispersed in toluene so thin films could be made for
IR analysis.

Acid-oxidized HiPco samples were prepared by refluxing the
unpurified material in 3 M HNO3 for 8 h, the sample was then
allowed to sit unheated in this solution overnight, and an
additional 8 h reflux was performed the next day. The refluxed
sample was filtered and rinsed with Ultrapure water until the
rinse was pH neutral. The still damp sample was dispersed in
acetone so thin films could be made for IR analysis. We find
that if the samples are allowed to dry before dispersing in
acetone, a “Bucky Paper” is formed, which is difficult to
redisperse in solvent. TGA analysis shows that the residual Fe
content of the acid-refluxed nanotubes has been reduced to∼3
wt %.

Infrared studies were taken in the transmission geometry with
the samples housed in a stainless steel vacuum chamber
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described previously.1 Infrared samples were thin films prepared
by dispersing the sample directly on a plane parallel CaF2

window (Janos Technology) and evaporating the solvent in a
120°C oven for∼5 min.1 The thickness of the film was adjusted
to give a nonresonant background absorption of∼1.0 OD at
2300 cm-1, which gave enough sample thickness for us to
observe CO2 entrapment and physisorption. Samples were
degassed in the vacuum chamber at 373 K for 2 h prior to use.
Preliminary work comparing degassed samples to ones used
without degassing indicates that no differences exist. Since the
plane parallel window has a negligibly low surface area
compared to the SWNT sample, we see no artifacts from CO2

adsorption on the window during physisorption studies, and the
background subtraction is therefore very complete.

Results and Discussion

Oxygen Functionalities and Vacuum Heating.The changes
of oxygen-containing functionalities are shown by the IR spectra
in Figure 1. The as-received HiPco samples (Figure 1a) show
carbonyl peaks (∼1710-1780 cm-1), CdC vibrations (∼1550-
1600 cm-1), and C-O bands (∼1180-1250 cm-1). Vacuum
heating of the sample to 700 K does not create any significant
changes in the IR spectra in this region, suggesting that the
moderate degree of functionality seen is a stable modification
to defect sites in the nanotube structure.

Acid refluxing of the sample (Figure 1b) drastically increases
the intensity of the carbonyl bands with a strong peak at∼1770
cm-1 and a weaker shoulder at∼1850 cm-1. The CdC and

C-O bands also increase in intensity. The increased integrated
intensity of all these bands cannot be accounted for by the
relative changes in film thickness occurring for different
experimental runs and must be related to a higher density of
functionalities in the acid-refluxed samples.

Vacuum heating of the refluxed sample creates an intensity
increase in the high-energy shoulder (∼1850 cm-1) of the
carbonyl band with an associated intensity decrease with the
larger 1770 cm-1 peak. The higher energy bands associated with
CdC functionalities decrease in intensity, and a single band
evolves at∼1580 cm-1, which is close in energy to what is
typically associated with the IR active phonon in various
graphitic carbons.9-13 Heating to 700 K causes the C-O bands
to form a single band at∼1230 cm-1.

There are some differences in the results from vacuum heating
of the acid-refluxed HiPco samples and acid-oxidized SWNTs
made by laser ablation. In particular, heating of the acid-refluxed
HiPco sample does not result in the drastic decomposition and
frequency shifting of carbonyl functionalities seen in the SWNTs
prepared by ablation.1,12,14,15Even the initial vacuum heating
of the HiPco samples before acid treatment (Figure 1a) did not
create significant changes in the IR spectra. This result hints at
the relative stability of the oxygen-containing functionalities on
the HiPco samples in the same temperature range where
functionalities on the SWNTs made by ablation show significant
decomposition.1,12,14,15

Trapped CO2. The refluxed HiPco sample was heated to
700 K in a manner analogous to that used to generate trapped
CO2 in oxidized nanotubes made from laser ablation.1 In the
present case, evidence for a trapped CO2 species is again clearly
seen in the IR spectra.1 At 77 K (Figure 2a) the IR spectrum is

Figure 1. IR spectra of the oxygen-containing functionality region.
(a) As-received HiPco sample measured at 77 K after degassing at 373
K (top spectrum) and at 77 K after heating to 700 K (bottom spectrum).
Data are intentionally offset on they axis for clarity. Only minor
changes are created in the carbonyl bands by heating to 700 K. (b)
Acid-refluxed HiPco nanotubes during vacuum heating. The temperature
listed in the legend for each spectrum in (b) is the temperature of the
sample when the measurement was conducted.

Figure 2. IR data for the trapped CO2 species. (a) Bandwidth and
intensity variations of the trappedν3 mode with measurement temper-
ature. Data are intentionally offset on they axis for clarity. The inset
shows the spectrum at 77 K fitted to a simple Lorentzian line shape,
yielding a resonance frequency of 2327 cm-1 and a fwhm of 8 cm-1.
(b) Integrated intensity for the data in (a) determined numerically. The
solid line is meant as a guide to the eye.



well described by a Lorentzian line shape centered at∼2327
cm-1 with a fwhm of∼8 cm-1, suggesting that CO2 is trapped
in a single type of environment. This differs somewhat from
the laser-ablated nanotubes that gave peaks at∼2330 and 2340
cm-1, which were tentatively assigned to CO2 trapped in
endohedral and interstitial sites, respectively.1 On the basis of
the single trapped peak at∼2327 cm-1, previous work,1,16 and
CO2 physisorption studies on these samples (see below), we
argue that the peak at 2327 cm-1 is likely the result of
endohedrally trapped CO2 with the interstitial spaces being
unoccupied. The closer packing of the bundle caused by the
smaller tube diameters in the HiPco samples should make the
interstitial sites smaller and therefore less accessible.

Figure 2 shows the behavior for theν3 mode of the trapped
CO2 as a function of temperature. As the sample is heated, the
ν3 band decreases in intensity and broadens. Above 500 K, the
trapped species becomes difficult to detect. As the sample is
subsequently cycled from 77 to 500 K, the intensity variations
seen in Figure 2 are reproducible for each given temperature.
Regeneration of the original spectrum on cooling demonstrates
that none of the trapped gas is lost. The broadening and intensity
loss seen in Figure 2 is nearly the same as what was observed
for the laser-ablated nanotubes.1 No new CO2 is introduced into
the chamber, so these variations result from a physical process
involving the trapped CO2 and not from the loss and regenera-
tion of the trapped species. Figure 2b shows that the integrated
intensity decreases by a factor of 3 during heating from 77 to
500 K. If changes in the dynamic dipole moment, (∂µ/∂Qi), are
responsible for these intensity variations, this indicates ax3
decrease for (∂µ/∂Qi) of the ν3 mode.17,18

The integrated intensity of theν3 band at 77 K in Figure 2 is
almost a factor of 10 smaller than previously observed for laser-
ablated nanotubes.1 This difference cannot easily be accounted
for by simple variations in sample-to-sample film thickness and
suggests that the density of trapped CO2 in oxidized HiPco
nanotubes is lower. This lower density is likely related to the
relatively minor decomposition seen for the oxygen function-
alities in Figure 1b, which in turn would generate less CO2 for
entrapment.

Venting of the sample to room air at 300 K creates no
significant changes in the IR spectrum of the oxygen function-
alities and does not cause the release of the trapped CO2 species
(Figure 3a). Raman analysis of the as-received, acid-refluxed
(before vacuum heating), and acid-refluxed (after vacuum
heating and venting) samples are displayed in Figure 3b. Acid
refluxing causes changes in the relative intensities of the radial
breathing modes (RBMs), particularly of the modes at 270, 188,
and 172 cm-1. Vacuum heating of the refluxed sample does
not return the relative intensity of the RBMs to their initial
values. The Raman changes for the RBMs suggest that the
oxidative refluxing process is shifting the diameter distribution
toward larger values, as suggested for other oxidative pro-
cedures.19-21 We urge caution with this interpretation since one
might expect the extensive functionalization on these samples
to change relative Raman cross sections through perturbation
of the electronic density of states. The samples of Figure 3b
are only probed with a 532 nm source to illustrate the relative
intactness of the SWNTs, and a more complete UV/vis/NIR,
Raman, or TEM analysis4,22-24 would be necessary to be
definitive about shifting diameter distributions.

Associated with the changes in the RBMs are increases in
the relative intensity of the D band near 1330 cm-1 after
refluxing with a subsequent decrease after vacuum heating.
These changes are easily explained by defects created in the

sp2 network of the nanotube sidewalls by functionalities that
are partially removed by the later vacuum heating step. Also
noted is the structure in the G bands (∼1400-1650 cm-1) that
occurs from the tangential modes of nanotubes with differing
chirality. This G band structure undergoes broadening and
shifting during the acid-refluxing and vacuum-heating steps but
is always present, indicating the structure of the SWNTs has
not been completely disrupted.

Physisorption of Gas Phase CO2. The physisorption of gas
phase CO2 before and after various processing steps was used
to gain an understanding of how adsorption sites change with
oxidation and heating steps. The results show that chemical
functionalization blocks access to certain adsorption sites, and
previous work interpreted this effect to be a result of blocked
access to interior sites on the bundle.15,25-27 Figure 4a shows
IR spectra of CO2 physisorbed on the as-received HiPco sample.
A peak is seen at∼2330 cm-1, which grows in intensity with
increasing pressure. This peak is similar in frequency to what
has been observed for physisorbed1,16 and trapped1 species in
previous work, where it was assigned to CO2 in endohedral sites.
This IR peak is also close in energy to the 2327 cm-1 peak
observed for the trapped species in Figure 2a. Most of the
intensity for the IR spectra at the highest CO2 pressure of
0.00038 mTorr comes from a peak at 2329 cm-1, but about a
fourth of the integrated intensity can be accounted for by a
second peak at 2337 cm-1. This suggests that other adsorption

Figure 3. Vibrational spectra of the HiPco samples. (a) IR spectra of
the trapped CO2 species before and after venting to room air. Theν3

band remains, indicating that the trapped CO2 species is not released
by exposure to ambient conditions. (b) Raman spectra of the (1) as-
received HiPco, (2) acid-oxidized HiPco, and (3) acid-oxidized and
vacuum-heated HiPco sample. Raman spectra were collected with a
532 nm excitation of the thin film samples used in the IR experiments
with 1 and 2 being collected before the samples were introduced into
the vacuum system for IR studies and 3 being collected from the same
sample displayed in (a) after vacuum heating followed by venting to
room air. The inset shows an enlargement of the spectral region where
the RBMs occur.



sites are accessed at higher coverages with their IR peaks being
convoluted with the main peak near 2330 cm-1 (see discussion
below).

The result of one primary peak at 2330 cm-1 in the IR spectra
of Figure 4a suggests that CO2 physisorbs in endohedral sites
in the as-received HiPco sample. Endohedral adsorption requires
nanotubes with open ends or a significant amount of holes in
the side wall. A previous micropore study has found evidence
that as-received HiPco nanotubes are fairly open for endohedral
adsorption.27 Our results seem to agree with this finding.

Figure 4b shows IR spectra of CO2 physisorption on the acid-
refluxed HiPco sample. The oxygen functionalities introduced
by the refluxing process should decorate side wall defects and
the open ends of the nanotubes and thus hinder access to
endohedral and interstitial sites on the bundles. The IR spectra
in Figure 4b show one single peak at∼2340 cm-1, which is
very similar in frequency to previous IR spectra reported for
both physisorbed and trapped CO2 in the acid-oxidized SWNTs
made by ablation.1 In the previous work, we have assigned the
peak near 2340 cm-1 on the functionalized samples to groove
site adsorption.

Figure 4c shows the physisorption of CO2 on the acid-refluxed
HiPco sample after heating to 700 K. The trapped species at
2327 cm-1 is apparent before gas phase CO2 is introduced to
the cell. The addition of CO2 causes an increase in the integrated
intensity of the band at 2339 cm-1 as well as the peak at 2327
cm-1. Deconvolution of the bands with a 2 Lorentzian line shape
(Figure 4d) shows a∼20% intensity increase of the 2327 cm-1

peak before saturation and a∼80% increase in the 2339 cm-1

peak. The slight intensity growth for the 2327 cm-1 peak
suggests that the vacuum heating reopens the oxidized tubes,
allowing gas phase CO2 access to a portion of the endohedral
sites associated with creating this IR peak.1,16

One key finding from the current work is there is no strong
evidence for interstitial trapping or physisorption as previously
seen for various gases in other studies.1,27-29 We find the 2340
cm-1 peak from physisorbed CO2 on the oxidized HiPco
samples, yet heating does not create the trapped species near
this frequency previously associated with interstitial trapping,1

suggesting these sites are less accessible in the HiPco bundles.
This makes it difficult to attribute the growth of the 2340 cm-1

shoulder in Figure 4c to interstitial physisorption in bundles
partially opened by vacuum heating, as suggested previously.1

To illustrate this concept, we convolute spectra for the trapped
CO2 species (presumably endohedral CO2) and physisorbed CO2
species on the acid-refluxed sample (presumably groove site
CO2) and compare them with spectra for physisorbed CO2 on
the refluxed/heated HiPco sample (Figure 5). The IR spectrum

Figure 4. IR data for physisorbed CO2 at 77 K. (a) Results for the
as-received HiPco nanotubes. The solid dots for the 0.00038 mTorr
spectra are experimental data points, and the solid line through these
points is a 2 Lorentzian fit (see text). The other spectra in (a) are
represented by solid lines. Pressures indicated are static pressures of
CO2 in the cell when the measurement was taken. (b) IR spectra for
physisorbed CO2 on the acid-refluxed HiPco nanotubes. (c) IR for CO2

physisorption on the refluxed and vacuum-heated HiPco samples. There
is intensity from trapped CO2 before any gas phase CO2 is introduced
to the vacuum chamber. (d) Integrated intensity of the deconvoluted
bands at 2339 and 2327 cm-1 using the data from (c). The differenty
axis scales for the two data sets in (d) were used to illustrate saturation
of the integrated intensity with increasing CO2 pressure.

Figure 5. Spectra illustrating how the IR peaks for the physisorbed
CO2 on the refluxed/heated SWNTs (solid dots) can be constructed
from spectra for trapped CO2 (black line) and from those for CO2
physisorbed on the refluxed sample before heating (blue line). The two-
component spectra were multiplied by an arbitrary scaling factor and
then added to form the convolution of these spectra (red line).



for the refluxed/heated sample is well represented by this simple
simulation, suggesting that the 2340 cm-1 species in Figure 4c
is indeed the result of the same species we see in Figure 4b.
Although having similar frequencies, the 2340 cm-1 bands seen
with CO2 physisorption on oxidized SWNTs before and after
vacuum heating in previous work1 have very different mor-
phologies and bandwidths, much unlike what we see in Figure
5a. We feel this suggests that interstitial sites of the laser-ablated
nanotubes are accessed and those of the HiPco nanotubes are
not.

Another factor that must be addressed is what appears to be
a single peak at 2330 cm-1 for the as-received HiPco nanotubes
in Figure 4a, which we believe to be related to endohedral
adsorption. When these endohedral sites are blocked through
functionalization (Figure 4b), a peak at 2340 cm-1 results from
CO2 physisorption which likely is not related to endohedral sites
and instead must be CO2 in groove sites. Figures 4a and 4b
indicate that both groove and endohedral sites are accessible at
the temperature and pressures used in this experiment. For the
case of the as-received HiPco nanotubes, where neither site is
blocked by functionalization, evidence for both species should
be seen in the IR spectra at higher coverages. As discussed
above, the higher coverage IR spectra in Figure 4a can be
accounted for by a 2 Lorentzian line shape with peaks at 2330
and 2337 cm-1 having an integrated intensity ratio of 4 to 1,
respectively. This seems to indicate that both the endohedral
and groove sites are being populated, although it does not have
the edifying spectroscopic signature of two well-resolved IR
peaks.

The experimental evidence that groove and larger interstitial
spaces yield similar vibrational frequencies for CO2 is a
complicating factor in analyzing these spectra.1,16 At certain
pressures one would expect all sites to be occupied in a fully
open bundle, with large interstitial spaces meaning the IR spectra
for groove and interstitial sites would definitely be difficult to
separate. The different adsorption energetics associated with
these sites should allow us to selectively fill or displace these
sites by conducting experiments at different temperatures and
coverages. Xe displacement has been shown to selectively
displace molecules, and it easily displaced the 2330 cm-1 peak
and possibly the 2340 cm-1 in other CO2 studies.16,25,26We are
currently working on detailed computational and experimental
studies involving Xe displacement, which should help resolve
some of the issues complicating IR spectra of CO2 adsorbed in
groove and interstitial spaces.

Despite some complications, we are starting to see some very
general results for CO2 interactions with SWNTs: (i) CO2 can
become entrapped by heating acid-oxidized SWNTs; (ii) theν3

frequency of the entrapped species occurs near 2330 cm-1 in
current and previous work, and a second trapped species at 2340
cm-1 has been observed with nanotubes made by laser ablation1;
(iii) physisorbed CO2 on acid-oxidized SWNTs creates an IR
band at 2340 cm-1; (iv) the intensity and bandwidth of theν3

mode of the trapped CO2 species have a strong temperature
dependence.

In addition, the current work shows us (i) the as-received
HiPco samples appear to physisorb CO2 in endohedral sites,
suggesting they are relatively open, and (ii) the naturally
occurring oxygen functionalities on the as-received HiPco
samples are fairly stable up to 700 K, as are functionalities
introduced by the acid-refluxing step.

Summary

Acid-oxidized HiPco SWNTs produce permanently trapped
CO2 when vacuum heated. The generation of this trapped species

in HiPco SWNTs and its previous observation in other SWNTs
show that the entrapment of CO2 during the vacuum heating of
functionalized nanotubes is a more general process not limited
to samples of particular size distribution, impurity content, or
synthetic origin. The entrapped species in the HiPco sample is
believed to be locked in endohedral sites, with interstitial sites
being unoccupied. Physisorption studies also suggest that
interstitial sites in HiPco samples are not accessible to CO2.
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